Abstract. Cloud phase recognition is important for cloud studies. Ice crystals correspond to physical process and properties that differ from those of liquid water drops. The angular polarization signature is a good mean to discriminate between spherical and nonspherical particles (liquid and ice phase, respectively). POLDER (Polarization and Directionality of Earth Reflectances) has been launched on the Japanese ADEOS platform in August 1996. Because of its multidirectional, multispectral, and multipolarization capabilities this new radiometer gives useful information on clouds and their influence on radiation in the shortwave range. The POLDER bidirectional observation capability provides the polarization signatures within a large range of scattering angles in three spectral bands centered on 0.443, 0.670, and 0.865 tzm with a spatial resolution of 6.2 km x 6.2 km. These original features allow to obtain some information both on cloud thermodynamic phase and on cloud microphysics (size/shape). According to POLDER airborne observations, liquid cloud droplets exhibit very specific polarization features of a rainbow for scattering angles near 140 ø. Conversely, theoretical studies of scattering by various crystalline particles and also airborne measurements show that the rainbow characteristics disappear as soon as the particles depart from the spherical shape. In the paper the POLDER algorithm for cloud phase classification is presented, as well as the physical principle of this algorithm. Results derived from the POLDER spaceborne version are also presented and compared with lidar ground-based observations and satellite cloud classification. This cloud phase classification method is shown to be reliable. The major limitation appears when thin cirrus clouds overlap the liquid cloud layer. In this case, if the cirrus optical thickness is smaller than 2, the liquid phase may be retrieved. Otherwise, the ice phase is correctly detected as long as cloud detection works.
Introduction
Clouds are a strong modulator of the shortwave and longwave component of the Earth's radiation budget [Ramanathan, 1987 [Ramanathan, , 1989 . The importance of clouds and radiation in studies of the Earth's climate has been demonstrated from both observations [Ramanathan, 1989] 0148-0227/00/1999JD901183509.00 ation, and climate interactions. In this paper we intend to describe how cloud thermodynamic phase classification can be derived from POLDER. Cloud phase is an important property of clouds. Cirrus clouds have been recognized to have a great influence on weather and climate through their effect on the radiative energy budget in the atmosphere [Liou, 1986] . Cloud cover estimate over both land and ocean needs improvements. Even though cirrus clouds cover nearly 20-30% of the terrestrial surface [Warren et al., 1988] , their influence on the radiation budget is still poorly known. Moreover, the estimate of the global coverage of cirrus cloud is still poorly known. It ranges between 20 and 60% of the globe, depending on the sensor used to detect ice clouds [Wylie et al., 1998 ].
Usual techniques for "thermodynamical phase retrieval" are based on infrared measurements. Threshold on brightness temperature or bispectral method is then used to select cold clouds that are assumed to be composed of ice particles [ttan et al., 1994; Nakajima and Nakajima, 1995] . A future sensor, such as MODIS, will combine 1.37, 1.64 •m and thermal infrared channels [King et al., 1992] 
where I is the radiance, ¾/Q2 q_ U 2 is the polarized radiance, and E s is the solar irradiance.
Here we preferentially used the algebraic normalized polar- The "polarization" of cloud water droplet exhibits a strong maximum at about 140 ø from the incoming incident direction. In the geometric optic approximation this is generated by the first internal reflection within the droplets. This maximum, the primary rainbow (PR), is highly polarized, which makes it easily detectable. The position of the PR depends slightly on the particle effective radius rcf f. The intensity of the PR peak increases with the radius. Another noticeable property is the zero of polarization, the neutral point ( To study the sensitivity of the polarization signature to the shape of ice cloud particles, different ice crystals have been used. Because in nature, ice crystals grow in hexagonal structure, the hexagonal shape is commonly used to simulate ice crystal properties: hexagonal columnar or plated monocrystalline particles [e.g., Brogniez, 1988 The algorithm consists of three tests on the polarized radiance at 865 nm, using three specific angular ranges. As molecular contribution is rather weak at this wavelength, it is neglected. For scattering angle (9 within 60ø-140 ø the angular slope is positive for water droplet and negative for ice particles (Plate 5). For scattering angle © within 140ø-180 ø the angular slope is negative both for water droplet and ice particles, but the standard deviation cr of the least squares fit is typically 10 times larger for liquid than for ice. Thus the slope a and the standard deviation cr (equation (6)) of the least squares fit are used to make discrimination between "ice" and "liquid" phase.
• Note that the POLDER angular coverage, in terms of available scattering angles, depends on the latitude and the season. The most complete POLDER angular sampling can give access to a large range of scattering angles. In some cases, only one or two of the three angular ranges are available.
Accuracy of Thermodynamical Phase

Retrieval
The quality of the POLDER thermodynamical phase retrieval is difficult to assess because the present phase retrieval algorithms are mainly based on infrared measurement that cannot lead unambiguously to the cloud phase. Current methodologies for retrieving cloud top phase are based mainly on infrared measurements or bispectral methods [Inoue, 1985; Saunders and Kriebel, 1988; Nakajima and King, 1989 ] using a threshold on the brightness temperature difference between AVHRR channels 4 and 5. Multispectral techniques based on near-infrared (0.75 and 1.64/•m) and infrared (11 /•m) measurements have been shown to be reliable to make cloud phase discrimination [King et al., 1992] . In this context, polarimetric observations, from which cloud top phase is derived, are original. In the paper we have checked the validity of POLDER against ground-based lidar observations and cloud classification applied to Meteosat data.
Validation Against Ground-based Lidar Network
The comparison between POLDER and lidar ground-based observations concerns only high-level cloud cases with a temperature lower than 233 K and where no low-level liquid clouds were present [Chepfer et al., 1998 ]. The different spatial resolution of lidar and POLDER was taken into account by selecting spatially homogenous areas and temporally stable cloud layers. Within the whole available POLDER data set matching the lidar observations, 148 cases correspond to cloudy observations performed at several places, mainly in Paris (France), ARM sites (United States and the Pacific Ocean), and Buenos Aires (Argentina). When the cirrus optical thickness is not too large, cloud top altitude can be inferred from lidar measurements. Then the use of simultaneous radio sounding yields the cloud top temperature. Among these data sets, 32 cases correspond to cirrus temperatures lower than 233 K. The analysis shows that most of these cases (95%) are declared as "ice" cloud by POLDER [Chepfer et al., 1998 ]. We assume that only ice phase is present when the temperature is lower than 233 K, which is the temperature at which water spontaneously solidifies. Among the same data sets, 32 other cases corresponding to cloud top temperature within the range 233-253 K are declared ice (69%), "liquid" (6%), and "mixed phase" (25%) by POLDER. Within the rest of the data, associated to a temperature greater than 253 K, 30% are declared ice, 20% mixed, and 50% liquid. Despite the comparatively limited number of matching data, the results indicate that when the temperature is lower than 233 K, the ice phase is clearly identified by polarimetric measurements. When the temperature is greater than 233 K, POLDER retrievals exhibit sometimes ice phase, but occurrence of liquid water increases when the temperature increases. The results of this study do not demonstrate rigorously the validity of the cloud thermodynamical phase retrieval. Nevertheless, the thermodynamical phase inferred from POLDER is a first attempt to derive cloud phase from polarized observations. In the future the POLDER-2/ADEOS-2 thermodynamical phase retrievals will be certainly more completely validated by comparisons with (1) the growing ground-based lidar network that will allow to increase the number of validation data, (2) Table 1 .
The "very thin cloud" type exhibits mostly ice phase (-70%) according to polarimetric signature. The 30% of liquid clouds can be explained by the fact that this cloud type includes not only very thin cirrus but also thin edges of liquid clouds.
The low-level, middle-level, and multilayered classes are essentially composed of liquid clouds. The occurrence of ice cloud in these classes is marginal and minimum for the lowlevel clouds (4%). This occurrence is doubled when considering middle-level cloud class (10%) and increases again up to 22% in the case of multilayered clouds. These results are understandable, when considering that the higher clouds are located in the atmosphere, the higher the probability for ice phase is. Another reason is that as explained in section 3.3, in the case of relatively thin cirrus overlapping low-middle-level clouds, the polarized signature of the lower layer cloud (liquid) is still observable from satellite and can bias the thermodynamical phase retrieval by favorizing the liquid phase.
Comparison between "cirrus" class and thermodynamical phase occurrence indicates that about 62% of this class are considered as ice clouds and 38% as liquid clouds. The nonnegligible part of this cloud class considered as composed of liquid is somewhat a surprising result. Three reasons may be put forward: the first one is that cirrus clouds may be composed of spherical ice particles, but this is not in agreement with most in situ observations. The second reason is that monospectral infrared measurements cannot yield unambiguously the cloud thermodynamical phase. The presence of liquid water at low temperature (supercooled water) may also explain these results. When investigating in detail the "cirrus" class, especially when focusing on "thick cirrus," we surprisingly observed that 55% of this subclass is composed of liquid water. One possible explanation is that thick cirrus may correspond in some cases to multilayered systems, with ice in the upper layer. In this case and for the upper cloud optical thickness smaller than 2, as explained previously, the algorithm may retrieve liquid water.
The last class presented is the high-level cloud class. The cloud classification method distinguishes two separate classes: high-level, thick and heterogeneous clouds on the one hand and high-level, thick and homogeneous clouds on the other hand. The results of the phase occurrence for these two classes are distinguished in Table 1 . First, let us consider the highlevel, thick and homogeneous class. In more than 80% of the cases, these clouds are considered as composed of ice particles according to polarimetric observations. As explained in section 4, this particular class was used to check the different thresholds in the algorithm, and histograms shown in Plates 6 and 7 indicate unambiguous ice phase retrieval. For the second class, called high-level thick and heterogeneous clouds, the available observations exhibit a completely opposite trend. Most of these clouds are detected as composed of liquid water (87%), which is surprising when compared to the previous class. One possible interpretation is that this class corresponds to multiple cloud layers (convective cloud with relatively thin cirrus layers in the upper layer). However, this result requires a further investigation (more Meteosat data and synergy with other sensors/techniques), which is out of the scope of the present paper. Plates 8 and 9 are the maps of the occurrence frequency for ice and liquid phase, respectively, for February 1997 (boreal winter). The spatial resolution for these maps is the standard POLDER level 2 cloud product resolution, which is about 60 km x 60 km. The occurrence frequency/of an ice (resp. liquid) cloud, is defined by the number of observed ice (resp. liquid) clouds over the number of cloudy observations. The number of cloudy observations for the period is presented in Plate 10; some areas, such as the Sahara, Arabia, or India, are very often cloud free.
Example of Geographic Distribution of Cloud
The average occurrences for February have been derived from these maps. Over land and ocean, respectively, we find 39 and 27% of ice phase occurrence frequency and 61 and 73% [Riedi et al., 1999a] and show some differences that can be very likely attributed to POLDER cloud detection weakness (thin cirrus) and to the degraded spatial resolution of the phase product with respect to the sensor resolution.
Conclusions
Cloud thermodynamical phase retrieval based on nearinfrared polarimetric measurements is a new method. An improved algorithm is described here. The algorithm takes advantage of the measured polarized radiance at 0.865/•m. Both theoretical and experimental studies show that polarized signatures of water droplets and ice particles are quite different and thus can be used to discriminate between solid and liquid phases. Satellite cloud thermodynamical phase retrieval is somewhat difficult to validate. Two attempts have been performed: one original approach, which is based on groundbased lidar network. It shows that such observations are very useful for the thermodynamical phase retrieval, even if a moderate amount of data were available and linear depolarization was not measured. This first but important result clearly indicates the direction of future works. Extension of the groundbased lidar network is, clearly, essential for cirrus cloud studies. Finally, future spaceborne lidar with depolarization measurements will be quite useful for this purpose.
Preliminary comparisons with cloud classification derived from Meteosat data show that liquid cloud (low-middle-level classes) are correctly identified by POLDER. However, some disagreements occur when considering the cirrus class. A nonnegligible part of this class is detected as liquid clouds. Here may appear the major limitation of the polarimetric method, assuming Meteosat classification is right: thin cirrus overlapping the low-middle-level clouds can be interpreted as liquid water clouds. Two other limitations are (1) the efficiency of the POLDER cloud detection itself, based on visible and nearinfrared channels, which is unable to detect very thin clouds, (2) the degraded spatial resolution of the operational POLDER cloud products. Full resolution (6.2 km x 6.2 km) should improve cloud phase detection, which is known to depend on the sensitivity and size of the sensor field of view.
Complementary studies are going on in progress (1) comparison with synoptic weather reports over the whole POLDER operational period, (2) comparison with radar observations [Riedi et al., 1999b] . In this case, the effect of multiple cloud layers could be studied. The use of multispectralspectral method with OCTS (Ocean Color and Thermal Scanner) sensor also on the ADEOS satellite or other visiblethermal sensors will be also useful to better understand ice phase retrieval.
